INTRODUCTION
Lake Biwa, the largest lake in Japan, is typically monomictic. Water temperature becomes vertically uniform from January or February to March in pelagic areas of the lake. During this period, lake water is well mixed from surface to bottom (TEZUKA, 1984) . Thermal stratification begins to develop in April and becomes well established in late August -early September.
It is common in Lake Biwa that chlorophyll or planktonic algae in their vertical distribution are more abundant in the mixed layer during a thermally stratified period (NAKANISHI, 1976 ; URABE et al., 1995) .
In September 1994 when precipitation was lower than usual in July and August, less chlorophyll was observed in the mixed layer, but instead formed its peak in the thermocline. Such a phenomenon has never been reported in Lake Biwa, though it has been commonly observed in Lake Michigan (BRooKs and TORKE, 1977) , Lake Ontario (FEE, 1976) , Lake Tahoe (ABOTT et al., 1984) and the oceans (CULLEN, 1982 ; LEWITUS and BOENKOW, 1985) . Regarding a formation of the chlorophyll maximum in or below the thermocline, two theories have been proposed. One is the settling hypothesis, according to which the chlorophyll peak is formed simply by the accumulation of sedimentary particles such as diatoms (STEEL and YENTSCH, 1960) . Another is the in situ growth theory, which holds that the peak is generated in situ in proportion to light penetration (ICHIMURA et al., 1968 ; FEE 1976) . In the present paper, taking into consideration the two theories mentioned above, we discuss why the chlorophyll maximum in the thermocline was formed in September of 1994 in Lake Biwa. Special attention is focused on the nutrient transport processes, light attenuation and zooplankton grazing. The chlorophyll values thus obtained were used for chlorophyll correction of data from the chlorophyll fluorometer.
RESULTS AND DISCUSSION
As shown in Table 1 ,, monthly precipitation levels in July and August 1994 at Hikone in the northern part of Lake Biwa and at Minami-Komatsu near the study site were extremely low compared with those in 1993. Such a lack of rain continued until the middle of September 1994. (1993) (1994) .
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Thermal stratification was well developed during the survey periods, though water temperature in the mixed layer was lower in 1993 than in 1994 (Fig. 2) . The vertical distribution pattern of chlorophyll was noticeably different between 1993 and 1994 ( Fig. 2 ) Chlorophyll was abundant in the mixed layer in 1993, whereas it in 1994 was less abundant in the layer, and its peak appeared in the thermocline.
Furthermore, it was of interest that chlorophyll in the microphytoplankton fraction (>20 ,u m, dominated by Aulacoseira granulata, and Staurastrum dorsidentiferum) . predominated in the mixed layer in 1993, while the picophytoplankton fraction (<2,um, dominated by Synecococcus spp.) was relatively abundant in 1994. What were the factors that brought about the difference in the vertical distribution pattern of chlorophyll or planktonic algae in Lake Biwa between September of 1993 and 1994 ? We can list these factors as the processes supplying nutrients, underwater light conditions, and grazing by herbivorous zooplankton (CULLEN, 1982 ; REYNOLDS, 1984; MANN, 1991) .
Processes supplying nutrients Vertical distribution of the beam attenuation coefficient (m-1) by mineral particles on the transect from Sta. D (left side in Fig. 3 ) to Sta. A on 10 September 1993 and 13 September 1994 indicated that a dense turbid layer was found just above the thermocline in 1993, while it was only faintly observed in the thermocline in 1994 (Fig. 3) . The temperature profiles were averaging data of all the observation stations. The extraordinarily high turbid water (max. 60 m-1) just above the thermocline in 1993 seemed to have originated from inflowing water from the Yasu River adjacent to Sta. F. In the absence of data about the nutrient concentrations in the layer , there is no direct evidence that the highly turbid water included a high concentration of nutrients. However, judging from data on the relatively high concentrations of nutrients in the Yasu River (SHIGA PREF., 1994; 0.44-0.92 mg NO3-Nl-1 ; 0.007-0.038 mg PO4-Pl-1 from July -September 1993), the turbid water in 1993 should have come from one of channels supplying nutrients to the mixed layer through physical processes such as diffusion or a convection current. On the other hand, although water from the Yasu.River was not supplied to the layer just above the thermocline in 1994 because of extremely low precipitation in July and August (Table 1) a second turbid layer was faintly observed in the thermocline (max. 3 m-1). The particulate aluminum concentration (SUGIYAMA, 1996) also suggests that a major component of this turbid layer was mineral particles. What is the origin of the second turbid layer ? OKUBO et al. (1996) discussed the mechanism of forming a turbid layer in the thermocline via some laboratory experiments.
They supposed that water breaking near the shore contained resuspended bottom sediments, and that it was transported through horizontal advection. The second turbid layer may also have been thus formed in the thermocline in 1993, though it could not be detected due to the presence of the dense turbid layer. It should be noted that the second turbid without layer corresponded with the chlorophyll peak.
By a comparison with the nitrate-N in the mixed layer off Minami-Hira near the study site between 1993 and 1994, nitrate-N (ca. 0.1 mg l-1) was detected in the mixed layer from June to September 1993, while it was not detected in July -September 1994 (SHIGA PREF., 1994 , 1995 Fig. 4 ). This suggests that enough nitrate-N to support the microplanktonic algal population was constantly being supplied to the mixed layer through inflowing water from the Yasu River in September 1993, whereas nitrate-N was completely exhausted by planktonic algae in the mixed layer any nutrient supply from the river water in September 1994. FEE (1976) suggested that a subsurface chlorophyll maximum might be controlled by the gradients of nutrients and light. In September 1994 when the nutrient supply from the rivers was negligible due to low precipitation, why was the subsurface chlorophyll maximum formed ? Nitrate as a N-source is abundant in the hypolimnion in Lake Biwa (Fig.  4, TEZUKA 1984) . Judging from the vertical distribution pattern of nitrate-N (Fig. 4) , it seems to be supplied gradually by upward diffusion from the hypolimnion to the thermocline (MOREL and HERING 1993) . However, the phosphorus available for planktonic algae was extremely low in the hypolimnion from summer to fall in Lake Biwa (SHIGA PREF., 1994 , 1995 Fig. 5 ). Thus, phosphorus cannot have been supplied to the thermocline by the same process as nitrate-N.
How, then, is phosphorus supplied to the thermocline ? Turbid water transported into the thermocline seems to have been one of the sources of phosphorus since the bottom sediments in the turbid water contained a high concentration of dissolved phosphate in the pore water as well as large amounts of phosphorus adsorbed with ferric hydroxide and aluminum hydroxide (SHIGA PREF. INST. PUB. HEALTH, ENVI-RON. SCI., 1990). According to KESTER and PYTKowlcz (1967) , phosphorus available for phytoplankton is released easily from phosphorus adsorbed with ferric iron and aluminum under high pH conditions (pH value > 8).
The pH value was 9 in the layer of chlorophyll maximum in September 1994 (Fig. 6) . Such a high pH value seems to have been related to the high activity of phytoplankton photosynthesis under dense biomass. Initially, planktonic algae might have begun to grow using the slight amounts of phosphate-P contained in the turbid layer, which may have led to an increase in pH by their photosynthesis.
From then on, phosphorus available for phytoplankton would be released more easily through this feedback mechanism. In the absence of inflowing water from rivers during the thermally stratified period, it is assumed that nitrate as a nitrogen source was supplied from the hypolimnion into the thermocline by physical processes such as diffusion, and phosphorus available for algae was supplied continuously by the release of phosphate from phosphorus adsorbed with ferric iron and aluminum in the turbid water transported into the thermocline.
This layer, being relatively rich in nutrients seems to have been closely related to the formation of the chlorophyll maximum in the thermocline in September 1994.
Underwater light conditions The daily compensation depth (where daily net primary production is nearly zero) occurs at a depth of 1% of the surface radiation (STRICKLAND, 1958) . Light attenuation profiles on 11 September 1993 and 12 September 1994 are shown in Fig. 7 . High light attenuation was observed in the mixed layer on 11 September 1993. As a result, relative light intensity in the thermocline was less than 0.1% of the surface radiation. Thus, even if the nutrient transport processes into the thermocline existed in 1993 as well as in 1994, the subsurface chlorophyll maximum by in situ algal growth seems to have been unable to form due to light limitations in September 1993. On the other hand, since light attenuation was relatively low in September 1994, ca. 8% of the surface radiation which could enhance algal growth penetrated into the thermocline. This light condition (ca. 8%) seems to be similar to a case on the southern California Coast where the subsurface chlorophyll maximum was formed at a depth of ca. 10% of the surface radiation (CULLEN, 1982) .
Though diatoms that easily settle down, such as Aulacoseira granulata and Stephanodiscus carconensis, and Dinophyceae or Ceratium hirundinella, were observed in the layers above 13 m, few of these algae existed in the thermocline whereas hard-to-settle picoplanktonic algae were abundant. These facts seem to contradict the settling hypothesis.
Zooplankton grazing There are no direct data on zooplankton grazing on phytoplankton during the surveys.
According to NAKANISHI et al., (1992) and URABE et al ., (1995) , the amount of seston removed by crustacean plankton via grazing corresponds to 95% of the primary production of phytoplankton in summer in the north basin of Lake Biwa. These crustacean organisms feed selectively by physical processes such as diffusion from the hypolimnion to the thermocline, and phosphate-P was supplied continuously by a release of phosphate from the phosphorus adsorbed with ferric iron and aluminum in turbid water transported from the shore-bottom into the thermocline under high-pH conditions.
The subsurface chlorophyll maximum seems to have been formed by an in situ growth of algae in the thermocline rich in nutrients under sufficient light conditions. This conclusion may be tentative for the construction of a hypothesis on the formation of the subsurface chlorophyll maximum in Lake Biwa. As a next step, we have to verify some phenomena assumed by the hypothesis.
